Objectives Although the relative risk of lung cancer due to smoking is reported to be lower in Japan than in other countries, few studies have examined the characteristics of Japanese cigarettes or potential differences in smoking patterns among Japanese smokers. Methods To examine tar, nicotine and carbon monoxide (TNCO) emissions from ten leading cigarettes in Japan, machine smoking tests were conducted using the International Organization for Standardization (ISO) protocol and the Health Canada Intense (HCI) protocol. Smoking topography and tobacco-related biomarkers were collected from 101 Japanese smokers to examine measures of exposure. Results The findings indicate considerable variability in the smoking behavior of Japanese smokers. On average, puffing behaviors observed among smokers were more similar to the parameters of the HCI protocol, and brands with greater ventilation that yielded lower machine values using the ISO protocol were smoked more intensely than brands with lower levels of ventilation. The smokers of ''ultra-low/low'' nicotine-yield cigarettes smoked 2.7-fold more intensively than those of ''medium/high'' nicotineyield cigarette smokers to achieve the same level of salivary cotinine (p = 0.024). CO levels in expiratory breath samples were associated with puff volume and self-reported smoking intensity, but not with nominal values of nicotine-yield reported on cigarette packages. Conclusions Japanese smokers engaged in ''compensatory smoking'' to achieve their desired nicotine intake, and levels of exposure were greater than those suggested by the nominal value of nicotine and tar yields reported on cigarette packages.
Introduction
Tobacco use is responsible for one in ten global deaths and remains the leading cause of preventable death worldwide [1] . The health burden from tobacco reflects the wide range of smoking-related diseases, including cardiovascular disease, respiratory disease, and ten different forms of cancer [2] .
In an effort to reduce the health effects of smoking, many smokers have reported switching to cigarette brands that yield lower tar levels under machine smoking test conditions [3] . Indeed, the average tar rating of brands has steadily decreased in many markets throughout the world, including the USA, where machine-measured tar levels decreased by more than 44 % from 1968 to 1998 [4] . However, it is well known that the use of low-tar-yield cigarettes has not reduced lung cancer deaths [5, 6] . In machine testing, the yields of nicotine and tar are measured in main stream smoke (MSS) generated by a smoking machine operated under the International Organization for Standardization (ISO) protocol: 35-mL puff volume, 60-s puff interval, 2-s puff duration, and no blocking of ventilation holes. However, it has been demonstrated that smokers smoke their cigarettes more intensely than is simulated by smoking machines operated under the ISO protocol [7] [8] [9] . Moreover, smokers tend to adapt smoking behaviors upon changing from high-to low-nicotine-yield cigarettes in an attempt to compensate for the lower emission of nicotine in the MSS [7] . In order to reflect a broader range of smoking behaviors, some governmental agencies have adopted more intensive machine smoking protocols on which to base their regulations, such as the Health Canada Intense (HCI) protocol: 55-mL puff volume, 30-s puff interval, 2-s puff duration, and 100 % blocking of ventilation holes [10] . The World Health Organization (WHO) recommends that national health authorities release their respective data on tar, nicotine, and carbon monoxide (TNCO) yields per cigarette according to both the ISO and HCI protocols [11] .
The cigarette market in Japan is notable for the very low levels of machine-measured tar in cigarettes, as well as the popularity of charcoal filter cigarettes. Japan is also exceptional because of its lower relative risks for lung cancer compared to many other countries: the relative risk for lung cancer due to smoking among Japanese was recently estimated to be 4.5, and the attributable risk of smoking was about 70 % [12] . Potential explanations for the lower rates of lung cancer include genetic differences, life-style factors other than smoking, and differences in either the patterns of smoking or the types of tobacco products used in Japan. In the study reported here, we sought to characterize patterns of smoking among Japanese smokers using their ''usual'' brand, as well as the association between biomarkers of exposure and machine-measured TNCO yields.
Materials and methods

Subjects
In 2007, we recruited 101 individuals from in and around the Wako city region, Saitama prefecture, Japan, to our study. The inclusion criteria were daily smokers, age of between 20 and 65 years, no history of heart or lung disease, and reported smoking of one of ten leading Japanese cigarette brands for at least the past 3 months. Table 1 shows a list of the top ten best selling Japanese brands tested in our study. Table 2 shows the demographic characteristics of the participants.
Participants were asked to visit the study laboratory, provide informed consent and to complete a questionnaire on their smoking habits. Based on the information supplied on the completed questionnaires, the maximum smoking history was 528 months, in a 64-year-old individual. Since most participants stated that they had started smoking at 20 years of age, we concluded that the age reflects the smoking history. Furthermore, salivary cotinine level and CO level in the expiratory breath, which we focused on in this study, are biomarkers that decay immediately after smoking; therefore, smoking history was not counted as a statistical variable.
Questionnaire
Participants were asked to indicate their smoking intensity on a scale between 0 and 100 depending on the depth of inhalation and on the number of puffs they took. Participants were also asked to report the number of cigarettes they smoked the day before and the time to their first cigarette of the day, which we used as a proxy measure of nicotine dependence [13] .
Salivary cotinine
At the first visit, participants were asked to wear latex gloves in order to collect salivary samples using sterile cotton swabs (Salivette; Sarstedt, Nümbrecht, Germany). Participants kept the Salivettes in their mouth for 2 min. Samples were frozen at -30°C until analysis. The levels of cotinine in the saliva were not affected by the use of cotton swab collection methods [14] .
Cotinine assay
After thawing, the saliva samples were recovered from the cotton swabs by centrifugation (1,000 g, 4°C, 2 min) and arbitrarily diluted tenfold with phosphate buffered saline (Wako Pure Chemical, Osaka, Japan). Duplicate samples (10 lL) were assayed by a Saliva Cotinine Microplate EIA kit (Cozart, Milton Park, UK). Absorbance at 450 nm was measured on an Ultrospec Visible Plate Reader 96 (GE Healthcare Bio-Sciences, Little Chalfont, UK). The determination range of a Microplate EIA kit was from 5 to 50 ng/mL cotinine, and the mean and 95 % confidence interval (CI) of the absorbance value at concentrations of 5, 10, and 50 ng/mL were 0.99 ± 0.04, 0.72 ± 0.05, and 0.29 ± 0.02, respectively (n = 16). Standard solutions were assayed in 16 replicates. Samples were assayed in duplicate, and the average of two results was taken as the final salivary cotinine concentration. In the case that the absorbance of the sample was out of range of the standard curve, other dilutions of saliva were re-analyzed. Salivary cotinine data were available for 94 subjects.
CO in expiratory breath
The level of CO in the expiratory breath was measured by the Micro Smokerlyzer (Bendfont Scientific, Rochester, UK) according to the manufacturer's instruction. Repeat measurements of CO were made immediately after the participants had smoked one cigarette. The average CO value of each participant was used for the data analysis, and data were available for all 101 subjects.
Smoking topography
The smoking topography of each participant was measured for a 24-h period using a CReSSmicro device (Plowshare Technologies, Baltimore, MD). CReSSmicro is a batteryoperated portable device (2.5 9 2.2 9 1.2 inch, 3.1 oz) that measures a full complement of smoking topography variables, including puff volume, puff count, puff duration, average flow, peak flow, inter-puff interval, time, and date Data are presented as the mean ± standard deviation (SD), unless indicated otherwise a Topographic data were not available for one smoker who smoked low nicotine-yield cigarettes, and there were therefore 100 and 37 smokers in the ''Total'' and ''Low'' experimental smoking groups, respectively
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TNCO yields by machine smoking
Tar and nicotine in the MSS were collected by a smoking machine (Borgwaldt single-channel linear smoking machine model LM1; Borgwaldt KC, Hamburg, Germany) operated under the conditions specified by either the ISO 4387 protocol or the HCI T-115 protocol. Cigarettes were conditioned prior to machine smoking according to the ISO 3402 protocol. MSS was collected on a 44-mm Cambridge filter pad (Borgwaldt KC) and was immediately extracted with 20 mL of 2-propanol (Wako Pure Chemical) by gentle shaking for 20 min using an electric shaker (Personal-11; Taitec, Saitama, Japan). For the nicotine analysis, 50 lL of extracted solution was dissolved in 5 mL of 2-propanol containing 1 lg/mL isoquinoline (Tokyo Chemical Industry, Tokyo, Japan) as an internal standard, and 1 lL (model 7683B autosampler; Agilent Technologies, Santa Clara, CA) was separated by gas chromatographically on a 30-m DB-17 column (J&W Scientific, Cordova, CA; internal diameter 0.25 mm; film thickness 0.25 lm) in a gas chromatography system (HP 6890; Hewlett-Packard, Palo Alto, CA) under the following conditions: (1) temperature program: 2 min at 50°C, then to 200°C at the rate of 15°C/min, then to 280°C at a rate of 5°C/min, and hold at 280°C for 5 min; (2) flow rate: 1 mL/min. Nicotine was quantified using m/z 84 amu after electron impact ionization at 70 eV (internal standard: m/z 129 amu; mass selective detector model 5975, Agilent Technologies). Determination of water in the 2-propanol extraction solution was carried out in accordance with the ISO 10362-1 protocol using a gas chromatograph equipped with a thermal conductivity detector. Tar was calculated by deducting the nicotine and water content from the total particulate matter of crude smoke condensates according to the ISO 4387 protocol. CO was determined used a modified ISO 8454 protocol.
Statistical analysis
We used one-way analysis of variance (ANOVA) to test differences in the CO concentrations of the expiratory breath, salivary cotinine concentrations, and puff volume/ day, across categories of nicotine yield. The Bonferroni method was carried out to reduce the chance of false positives in multiple comparisons. The association between cotinine in saliva and nominal brand tar yield, nominal brand nicotine yield, number of cigarettes' filter ventilation holes, cigarette consumption, number of cigarettes smoked the day before, number of cigarettes smoked after getting up in the morning, self-reported smoking intensity, puff volume/day, time to first smoking cigarette, height, and weight was evaluated by a simple linear regression analysis. Variables at either significant (p \ 0.05) or suggestive levels (p \ 0.1) were re-analyzed for their association with salivary cotinine by a multivariable regression analysis. The same statistical analyses were conducted using CO in the expiratory breath as the outcome variable. All analyses were conducted using SPSS software ver. 16.0 (SPSS, Chicago, IL).
Results
Analysis of MSS by smoking machine Figure 1 shows the tar, nicotine, and CO yields in MSS generated by the smoking machine operated under the ISO and HCI protocols. The yields were categorized into four groups according to the nominal brand nicotine yield expressed on the cigarette packages: ''ultra-low''-(0-0.1 mg nicotine/cigarette), ''low''-([0.1, \0.6 mg nicotine/ cigarette), ''medium''-(C0.6, \1.0 mg nicotine/cigarette), and ''high''-yield brands (C1.0 mg nicotine/cigarette) [15, 16] . Under the ISO protocol, the experimentally determined yields were the same as those appearing on the packages. Under the HCI protocol, the nicotine yields determined in the ''ultra-low''-, ''low''-, ''medium''-, and ''high''-yield groups were 5.0-, 3.3-, 2.3-, and 1.9-fold higher, respectively, than those obtained under the ISO protocol (Fig. 1a) . Similarly, tar yields under the ISO protocol were the same as the values appearing on the cigarette packages, while under HCI protocol, the yields increased 11.9-, 3.9-, 2.7-, and 2.1-fold for the ''ultra-low''-, ''low''-, ''medium''-and ''high''-yield brands, respectively (Fig. 1b) . CO concentrations under the ISO protocol were 4.6, 10.6, 13.8, and 17.9 mg/cigarette for the ''ultra-low''-, ''low''-''medium''-, and ''high''-yield brands, respectively (Fig. 1c) . In contrast to tar and nicotine yields, CO concentrations under the HCI protocol were very similar across groups, with a mean of 33.6 ± 1.3 mg/cigarette (Fig. 1c) .
Smoking topography data of Japanese smokers Table 2 shows the smoking topography data of 100 Japanese smokers. Overall, the mean puff volume and mean puff volume per cigarette were closer to the puffing parameters of the HCI protocol (55 mL per puff) than the ISO protocol (35 mL per puff). In addition, ''ultra-low/ low'' nicotine yield brands were smoked significantly more intensely than ''medium''-and ''high''-yield brands: for example, the puff volume per day was 37 % greater for ''ultra-low/low'' brands.
Biomarker levels in smokers Levels of salivary cotinine were correlated with the nominal nicotine levels of brands smoked by each participant according to ANOVA analysis (p = 0.002) and multiple comparison (Fig. 2a) . Puff volume/day was negatively correlated with the nominal nicotine levels of brands smoked by the respective smoker by ANOVA analysis (p = 0.001) and multiple comparison (Fig. 2b) and by simple linear regression analysis (r = -0.295, p = 0.003, n = 100). In order to examine whether the association between salivary cotinine levels and puff volume/day was constant across different nominal yields, we tested ''utralow/low'' yield brands separately from ''medium/high'' nominal nicotine brands (Fig. 3) . From the linear slope of each figure, we determined that smokers of the former smoked 2.7-fold more intensely than those of the latter in terms of puff volume/day to achieve the same levels of salivary cotinine (p = 0.024). Thus, the topographical data in Table 2 and biomarker results in Fig. 3 demonstrated that Japanese smokers also practiced so-called compensatory smoking. In contrast, the levels of CO in the expiratory breath were not associated with the nominal nicotine levels of the brands they smoked. The pattern of CO levels in the expiratory breath more closely mimicked the pattern of CO emissions by HCI than that by ISO in Fig. 1c . A multivariable regression analysis was performed to examine predictors of salivary cotinine and CO in the expiratory breath. Variables that were correlated at p \ 0.1 in the simple regression analysis and which had no multicollinearity were selected and included in the model as independent variables (Table 3) . As shown in Table 3 , salivary cotinine levels were positively associated with puff volume/day (b = 0.27, p \ 0.01) and nominal brand nicotine yield (b = 0.44, p \ 0.01), and negatively associated with time to first smoking of a cigarette (b = -0.18, p = 0.05). Thus, even after the nominal nicotine levels were adjusted, smokers smoked more intensely in terms of puff volume/day to increase plasma nicotine levels as 
Multivariable regression analysis
Discussion
This study is among the first to characterize the TNCO emissions of the best-selling cigarettes in Japan, a critically important tobacco market. We observed significant increases in emissions under the more intensive smoking protocol of the Health Canada. The association between the ISO and HCI values varied depending upon the emission parameter measured: whereas tar and nicotine yields under the ISO and HCI yields appeared to be highly correlated, CO yields under the HCI protocol showed very little difference across cigarette brands, in contrast to the ISO values. This study is also the first to report measures of puffing behavior among Japanese smokers and to examine the behavioral measures of smoking compensation. Topographical data on the smoking behavior of each participant were collected by a CReSSmicro device for one whole day. Puff volume and puff volume per cigarette, as measured by machine smoking under the ISO or HCI protocols, were 35 or 55 mL, and 203-245 or 385-534 mL, respectively (our unpublished data). These findings demonstrate that Japanese smokers engage in compensatory smoking: brands with lower nominal tar and nicotine yields and higher levels of ventilation are smoked systematically more intensely than higher yield brands. The average puff volume per cigarette recorded among our Japanese smokers (767.2 mL) is somewhat higher than previous estimates from the UK [17] and the USA [8] , but similar to estimates from Canadian smokers who switched to cigarettes with 4 mg of ISO tar [7] . The differences between our values and those of the UK and USA studies may reflect the higher levels of filter ventilation and lower tar and nicotine Puff volume/day (mL) (b) Fig. 2 machine yields included in our study. The average puff volume in our study for ''ultra-low/low'' brands (58 mL) was similar to that reported in previous studies conducted with similar brand categories in the USA (57 mL) [8] and in Canada (58 mL) [7] . Together, these data suggest that behavioral compensation in response to more heavily ventilated, ''lower tar'' cigarettes may be a universal phenomenon among smokers. The findings also underscore the fact that the Health Canada ''Intense'' protocol does not represent an ''upper limit'' in terms of its smoking parameters. Indeed, the puff volume used in the HCI protocol was lower than the average puff volume observed among the smokers of ''ultra-low'' and ''low'' brands in our study. Although the HCI protocol also blocks filter ventilation holes, the Our findings nevertheless suggest that a considerable number of smokers may be exposed to greater levels of chemical emissions than the ''intensive'' method would suggest.
There was positive association with the levels of salivary cotinine levels and the nominal nicotine levels of brands being smoked. The same trend has also been reported between nominal nicotine levels and urinary cotinine levels [15] , serum cotinine levels [16] , and salivary cotinine levels [18] . It is noteworthy, however, that the median value of salivary cotinine concentration, 124 ng/mL, in smokers who smoked ''ultra-low'' nicotine yield brands and the concentration, 368 ng/mL, in smokers who smoked ''high'' nicotine yield brand are much closer than differences in the nominal nicotine value would suggest. Although nominal nicotine levels on packages differed more than tenfold under the ISO protocol, the difference in salivary cotinine levels was only threefold. Nakazawa et al. also reported that there was only a twofold difference in urinary cotinine concentration between Japanese smokers who smoked ''ultra-low'' nominal nicotine brands and those who smokes ''high'' nominal nicotine brands [19] . Although the association between filter ventilation levels, puffing behaviors, and nominal yields under the ISO protocol were not explicitly tested in the current study due to missing data for some ''ultra-low/low'' brands, Puff volume/day (mL) Salivary Cotinine (ng/mL) (a) (b) Fig. 3 Correlation between puff volume/day and salivary cotinine for ''ultra-low/low'' nicotine yield smokers (a) and for ''medium/high nicotine'' yield smokers (b). Salivary cotinine concentrations were normally distributed whether or not they were log-transformed. When a subject [(x, y) = (68764.8, 351.4)] was excluded in a, regression parameters changed only slightly: y = 0.0097x, r = 0.845, p \ 0.001, n = 44 the data depict a positive association of salivary cotinine with puffing behavior and a strong negative association of puffing behavior with nominal nicotine yields under the ISO protocol. This pattern is consistent with previous research indicating that the primary design strategy for lower tar and nicotine yields under the ISO protocol is to increase filter ventilation as opposed to ''genuine'' reductions in the nicotine content [20] . CO in the expiratory breath showed very modest differences across brands regardless of the nominal nicotine yields listed on the cigarette package or nominal CO yield under ISO protocol, similar to previous findings [15, 16] . This finding is also consistent with the notion that CO is primarily a measure of smoking intensity and that it is less dependent on differences in tobacco blend or product design. More generally, the findings highlight the elastic nature of cigarette design and the fact that all conventional cigarette brands are capable of delivering a wide range of emission levels. For example, salivary cotinine levels varied by more than tenfold for the same brand. In other words, the consumer controls his/her level of chemical exposure from each brand by changing his/her smoking behavior to a much greater extent than does the design of different cigarette brands. Our data on biomarkers of Japanese smokers resembled the smoking pattern of the HCI protocol.
Overall, our results suggest that smokers who smoke ''ultra-low/low'' nominal nicotine brands tend to draw smoke more deeply into the lung and take more puffs. The findings underscore the fact that tar and nicotine levels from machine smoking protocols should not be used as indicators of risk. They also highlight the importance of using measures of human exposure to understand cigarette delivery and potential differences between brands. Finally, our findings provide additional evidence on the misleading nature of tar and nicotine values from machine smoking protocols as a source of consumer information on packs. Cigarette properties, smoking patterns, lifestyles (including dietary habits), and genetic difference are considered to be reasons why lung cancer risk is lower in Japan than in other countries. In our study, we have found that smoking pattern was not the main cause of this difference. Exposure to tobacco-specific nitorosamines and aldehydes may also differ according to the charcoal filter. Future research should therefore focus on cigarette properties.
